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FLUID QUALITY IN A SELF-PRESSURIZED 
CONTAINER DISCHARGE LINE 

Hugh M.  Campbell, 3 r .  

George C. Marshal l  Space Flight Center  
Huntsville, Alabama 

ABSTRACT 

The thermal  condition of cryogenic f luids  in the ver t ical  dis-  
charge l ine  during draining of sa tura ted  liquid from a se l f -pressur ized  
container was investigated. At the d ischarge  l ine  inlet  the fluid be- 
comes two-phase; however, due to  the inc reased  s ta t ic  p r e s s u r e  
while flowing downward in  the d ischarge  l ine the vapor subsequently 
condenses.  
recondense a r e  dependent upon the type of inlet ,  rate of discharge,  
and initial fluid proper t ies ,  
fluid quality and s ta t ic  p r e s s u r e  in the d ischarge  l ine.  Predict ions 
a r e  made  f o r  the maximum fluid quality, the dis tance required for 
vapor condensation, and the vapor variation with elevation. 

p r e s s u r e s  and discharge l ine f lowrates .  

The p e r  cent of evaporation and the distance required to  

Equations a r e  der ived t o  predict  the 

Analyti- 
cal  and experimental  resul ts  a r e  compared f o r  modera te  
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SUMMARY 

The  behavior and conditions of the fluid in the ver t ica l  d i scharge  
l ine  below a closed tank f r o m  which a sa tura ted  liquid is being drained 
w e r e  investigated. The saturated liquid, upon enter ing the discharge 
l ine,  becomes  two-phase due to the velocity component of p r e s s u r e  
and subsequently condenses due t o  increasing liquid head as i t  t rave ls  
ver t ical ly  downward in  the container d i scharge  l ine.  

Equations were  der ived f r o m  Bernoul l i ' s  Equation, the general  
energy equation, and the equation of s ta te  to express  the d ischarge  
l ine  s ta t ic  p r e s s u r e  and fluid quality as a function of container p r e s s u r e ,  
d i scharge  l ine flowrate,  elevation, and fluid proper t ies .  Solutions t~ 
the equations w e r e  obtained by a method of f ini tedifferences and by  an 
analytical  method. 
only in  the solutioh obtained f rom the method of finite differenccs.  
Experimental  resu l t s  a r e  presented and compared with the anaiyLiccll 
r e su l t s .  

Fr ic t iona l  and inlet p r e s s u r e  l o s s e s  w e r e  considcred 

INTRODUCTION 

P r e s e n t  day space  vehicles requi re  pressur iza t ion  of propellant 
tanks to  in su re  adequate net positive suction head a t  the propellant 
pump inlet  and to maintain vehicle s t ruc tu ra l  integrity.  
posit ive suction head must  be maintained to prevent  pump cavitation, 
f o r  pump cavitation causes  e r r a t i c  propellant flow that can resu l t  in 

Adequate net 



catastrophic  f a i lu re s .  
the thin tank wal ls  in maintaining s t ruc tu ra l  integrity.  
propellant tank p r e s s u r e  during powered flight could resu l t  in complete 
s t ruc tu ra l  fa i lure .  

Propel lant  tanks a r e  a l s o  p re s su r i zed  to  assist 
A l o s s  of 

Generally,  cryogenic propellant tanks a re  filled a t  a tmospher ic  
p r e s s u r e ,  and jus t  p r i o r  to  flight, a r e  p re s su r i zed  to  subcool the 
liquid. By this  p rocess ,  liquid vaporization is prevented, and m o r e  
favorable pump inlet conditions a re  maintained. 
maintained during draining by  the introduction of a p res su ran t  into the 
container f rom an external source .  

Container p r e s s u r e  is 

When a superheated vapor below cr i t ica l  p r e s s u r e  coexis ts  in  a 
container with the s a m e  fluid in a subcooled s ta te ,  a sa tura ted  liquid 
l aye r  will form a t  the vapor-liquid interface,  which is in the rma l  
equilibrium with the vapor,  and thermal  gradient will extend down- 
ward  into the liquid. Any dis turbance of the vapor-liquid in te r face  
br ings the subcooled liquid into contact with the superheated vapor ,  
causing vapor condensation with an accompanying drop  in tank p r e s s u r e .  
This  phenomenon has  been observed in a container that was oscil lated 
t o  produce sloshing of the liquid and in some  propellant piping sys t ems .  
In the Saturn sys t ems  an ine r t  non-condensing p re -p res su ran t  i s  used 
to  minimize the effects of the contact between superheated vapor and 
subcooled liquid. 

An a l te rna te  pressur iza t ion  scheme  cons is t s  of filling the cryo-  
genic container,  closing off the container ,  and allowing the heat  that  
is t r ans fe r r ed  to the cryogen to  sa tu ra t e  the cryogen and i n c r e a s e  the 
container p r e s s u r e  to  the required amount.  The  container  can then b e  
drained without the  addition of p r e s s u r a n t  f r o m  an  external  sou rce .  
P r e s s u r a n t  addition to  the ullage space  comes  f r o m  the evaporation of 
the bulk liquid a t  the vapor-liquid interface.  As the container p r e s s u r e  
drops ,  sensible  heat  f r o m  the bulk liquid supplies the heat  f o r  evapora-  
tion. Thus,  'dur ing  container draining, as hea t  is continuously removed 
f r o m  the bulk liquid, the liquid t empera tu re  and tank p r e s s u r e  con- 
tinuously dec rease  a t  a slow ra te .  

Utilization of se l f -pressur iza t ion  in  discharging cryogenic p ro -  
pellants precludes any p r e s s u r e  drop  due to  l iquid-vapor in t e r f ace  
d,sturbance, because the liquid is sa tu ra t ed  and the vapor  is only 
sl ightly superheated. N o  p r e s s u r a n t  need be relieved, s ince  the  
highest  container p r e s s u r e  obtained would be  the p r e s s u r e  requi red  
init ially . 
2 
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The p r i m a r y  disadvantage to  the method of se l f -pressur iza t ion  
is the existance of two-phase fluid flow in the container d i scha rge  l ine.  
This  reduces the mass capacity of a given l ine s i ze  and complicates 
the accura te  control of propellants to the combustion chamber .  

In th is  report  the quality of the cryogenic propellant in the 
ver t ical  discharge l ine (through which a se l f -pressur ized  propellant 
container is being drained) as a function of container p r e s s u r e ,  
d i scharge  line flowrate and location, is investigated including the 
influence of the increased  s ta t ic  p r e s s u r e  (liquid head) on a fluid 
element  flowing ver t ical ly  downward in causing the vapor phase to  
condense. 

RELATED INVESTIGATIONS 

In 1960 Canty[’’ analyzed the thermodynamics of a cryogenic 
container,  initially full of sa tura ted  liquid, when drained adiabatically 
without the addition of a p re s su ran t .  Curves w e r e  presented  depicting 
ullage p r e s s u r e  as a function of the initial p r e s s u r e  and the liquid 
(by weight) removed f rom the container.  
oxygen and nitrogen a r e  shown in FIG 1. 
assumed a saturated liquid leaving the container.  Based on this 
assumption, as the sa tura ted  liquid incu r s  a velocity in leaving the 
container,  the velocity o r  dynamic p r e s s u r e  will i nc rease  at the 
expense of s ta t ic  p r e s s u r e ,  causing two-phase flow in the d ischarge  l ine.  
While flowing downward in the d ischarge  l ine,  the fluid s ta t ic  p r e s s u r e  
inc reases  due to the elevation difference,  thus condensing the vapor 
phase if frictional p r e s s u r e  l o s s e s  a r e  not too grea t .  

A copy of these  curves  for  
In the energy balance, Canty 

TWO-PHASE FLUID FLOW 

Two-phase fluid flow of a monocomponent fluid is the simultaneous 
flow of a liquid and vapor in a common pipe o r  tube. 
flow exhibits interest ing pat terns  and is frequently c lassi f ied according 
to pa t te rn  and the flow condition of each phase .  

revealed the following flow pa t te rns .  

Two-phase fluid 

A survey  of the l i t e r a t u r e  
on two-phase fluid flow in a horizontal  tube by  Leonkiard and McMordie c21 

1. Bubble Flow: Flow charac te r ized  by the  formation of 
individual bubbles along the  upper su r face  of the  tube. 
s ize  inc reases  as the fluid flows through the tube. 

Bubble 

-.  



2 .  Fro th  Flow: A foam-like mixture  of sma l l  bubbles 
intimately mixed with the liquid. 
homogeneous fluid. 

F ro th  flow approaches a 

3 .  The flow of the liquid phase along the 
bottom of the tube, while the vapor phase occupies the upper 
portion of the tube. The vapor phase flows a t  a much higher 
velocity than the liquid a t  the bottom. 
face  i s  a sharp ,  well defined plane. 

Stratif ied Flow: 

The vapor-liquid in t e r -  

4. Wavy Flow: Similar to  s t ra t i f ied  flow except that waves 
a r e  formed at the vapor-liquid interface.  

5. Plug Flow: Flow character ized by the movement of l a r g e  
plugs of liquid through the tube. 
to  exis t  in the transit ion f r o m  bubble to  s t ra t i f ied flow. 

Plug flow i s  the pat tern likely 

6. Slug Flow: Alternate sections of vapor and liquid flowing 
through the tube. It occurs a s  the vapor flow inc reases  during 
plug flow. 

7.  
the tube wall. 
tube at a much higher  velocity than the liquid. 

Annular Flow: The flow of a continuous liquid l aye r  along 
The vapor flows along the cent ra l  co re  of the 

8. Mist  Flow: 
by sur face  tension. 
tween the liquid and vapor phase.  

The flow in which fine liquid drops a r e  suspended 
There  i s  no significant relative velocity be- 

Gravititational fo rce  tends to pull the liquid phase to the bottom 
of a horizontal  tube and allows the vapor phase to flow along the top of 
the tube, because the liquid is m o r e  dense than the vapor.  The gravi-  
tational fo rce  then causes  wavy, s t ra t i f ied,  plug, slug, and bubble 
flow. 
phases  but ra ther  causes  the buoyant f o r c e  of the vapor phase to 
oppose downward flow. This  causes f roth,  slug flow, o r  bubble flow, 
in which the bubbles a r e  evenly distributed within a typical tube c r o s s  
sect ion.  A map  of two-phase fluid flow pat tern regions fo r  a 

In a ver t ical  tube the gravitational fo rce  does not s epa ra t e  the 

5 



horizontal  tube is shown in FIG 2. 

1 o5 

1 o4 

1 o3 

1 o2 
( 

u pi vg vr 7/6 wg 

FIG 2 Flow P a t t e r n  Regions 

Two-phase 

1 .  Liquid 

2. Liquid 

3 .  Liquid 

4. Liquid 

fluid flow is a l so  classi f ied into the following regimes;  

phase turbulent,  vapor phase turbulent 

phase turbulent,  vapor phase viscous 

phase viscous,  vapor phase turbulent 

phase viscous,  vapor phase viscous 

The cr i te r ion  f o r  classifying two-phase fluid flow into one of 
these  four  regimes is the Reynolds number computed as though the 
phase in  question occupied the complete tube c r o s s  sectional a r e a .  

6 



TWO-PHASE FRICTIONAL PRESSURE LOSS 

Frict ional  p r e s s u r e  lo s ses  in two-phase fluid flow have been 
studied by many investigators using unique hypotheses and approaches.  
Some of the e a r l i e r  and m o r e  important contributions a r e  d iscussed  
below. 

r-.  

McAdams,.  Woods and Her~rnan-~’’  analyzed the heat  t r ans fe r  
coefficient and p r e s s u r e  drop f o r  benzene and lubricating oil flowing 
inside a heated horizontal  tube. 
the liquid and vapor phase with a Fanning expression f o r  wall d rag  
and an energy balance to obtain apparent  friction fac tors .  

They assumed equal velocit ies f o r  

-47 
Benjamin and Miller-’ analyzed the p r e s s u r e  drop f o r  flashing 

water ,  using the general  energy equation and assuming isentropic  
expansion. 
analysis  f o r  anything other than background l i te ra ture .  

The lack of experimental  data precludes the use  of their  

c53 Davidson e t  a1 studied heat t ransmiss ion  and fr ic t ional  p r e s s u r e  
drop  in boi ler  tubing using the Fanning frictional p r e s s u r e  l o s s  equa- 
tion and experimentally determining the fr ic t ion fac tor  in t e r m s  of 
Reynolds number.  

r -  

In 1944, Martinell i  e t  al-” made a ma jo r  contribution to  two-phase 
fluid flow analysis  techniques using the Darcy- Weisbach fr ic t ional  
p r e s s u r e  l o s s  equation and assuming equal s ta t ic  p r e s s u r e  l o s s e s  fo r  
the liquid and vapor phase.  
defined s o  that: 

A dimensionless pa rame te r  $g was 

or  

and 

7 



F o r  turbulent liquid, turbulent vapor flow, the pa rame te r  Y,, is defined 
c 

F o r  viscous liquid, turbulent vapor flow, the pa rame te r  Yvt i s  defined 

Q, ver sus  Ytt and Yvt  were  determined experimentally using air and 
eight assor ted  l iquids,  including benzene, water  and SAE-40 oil. 

In 1945, Martinell i ,  Putnam and LockhartC7’ presented data 
depicting +zg in t e r m s  of Yvv where  Y,, is  defined by 

yvv = ( - )  (q) (%) (7) 

+;was determined experimentally in t e r m s  of Yvv using air and oil 
flowing through a capillary tube. 

In 1948, Mart inel l i  and Nelson predicted the fr ic t ional  p r e s s u r e  
lo s s  f o r  forced circulation of boiling wa te r  using the relationship 

0.143 0.571 

Yt t  = (2) (%) (+ - 1) ( 8 )  

with curves  f o r  +i and +$ ver sus  Y t t  f r o m  reference  5. 
and measured  p r e s s u r e  lo s ses  ag reed  within - t 30 p e r  cent in mos t  
ca ses  . 

The predicted 

In 1949, Lockhart  and Mar t ine l l iW reco r re l a t ed  the var ious 
pa rame te r s  re la ted to frictional p r e s s u r e  l o s s e s  in  two-phase fluid 
flow. In this recor re la t ion  the p a r a m e t e r  Xtt was defined s o  that 

Y t t  = xiill (9) 

or 

$!is plotted v e r s u s  Xtt in FIG 3 .  
- .  



0 
0 

9 



Gazely and Bergelen, in a discussion of Lockhart  and Mart inel l i ' s  

This data,  when analyzed using the p a r a m e t e r s  of 
work,  s ta ted that they had obtained data f r o m  independent t e s t s  using 
air and water .  
Lockhart  and Martinell i ,  ag reed  within t 2 0  and -30 p e r  cent of 
Lockhart  and Mart inel l i ' s  curves  ., 

Throughout Martinell i  and assoc ia tes  work a wide sp read  of data  
exis ts ,  indicating the omission of a pertinent pa rame te r .  Gazely and 
Bergelen postulate that  the per tenent  p a r a m e t e r  could b e  velocity. 
Mart inel l i  and assoc ia tes '  data exhibits considerable  sca t t e r ;  however,  
the i r s  is the best  approximation revealed in the l i t e ra ture .  The i r  
analysis  is frequently used  by other authors  f o r  computing two-phase 
fluid flow frictional p r e s s u r e  l o s s .  

Johnson and Abou-Sabe" studied heat  t r ans fe r  and frictional 
p r e s s u r e  loss  for  two-phase fluid flow. 
and -50 p e r  cent with the data of Martinell i  and assoc ia tes .  

The i r  data ag reed  within t 2 5  

Harvey and Foust" mathematical ly  der ived a relationship f o r  the 
peak tempera ture  and the vapar  head t empera tu re ,  attained in  a long 
ver t ical  tube evaporator ,  using the equations of s ta te ,  energy balance,  
momentum balance and equation of continuity. The analysis  of 
Mart inel l i  and assoc ia tes  was  used  to  pred ic t  f r ic t ional  p r e s s u r e  l o s s .  
Experimental  verification proved the analysis ,  "accurately applicable 
to experimental  data fo r  water  below a tmospher ic  p re s su re" .  

Rogers92 analyzed the flow of flashing liquid hydrogen based  on 
the data and analysis of Harvey and Foust ,  and Lockhart  and Martinell i .  
N o  experimental  data w e r e  presented;  however,  the following equations 
w e r e  der ived using the data of Lockhart  and Martinell i .  

-1.36 $= 13. 054Xtt t 2.5996 fo r  0 5 X 5 0.9  (11) 

$= 15. 843Xtt fo r  0 . 9 1  X 5  26.0 (12) 
-0 .659  

Hatch and Jacobsg3 studied frictional p r e s s u r e  l o s s  in  two-phase 
fluid flow using trichloromonofluoromethane and hydrogen. T h e i r  data  
was 10 to 30 p e r  cent lower than that of Mart inel l i  and assoc ia tes  when 
4 I ver sus  X was plotted. 

s is tency t o  the probable existence of thermodynamic metastabi l i ty .  
Hatch and Jacobs  at t r ibute  p a r t  of this  incon- 
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CRYOCEN PROPERTIES 

The physical and thermodynamic propert ies  of many of the c ryo-  
genic fluids and the  propert ies  of many s t ruc tura l  mater ia l s  a t  cryo-  
genic tempera tures  have been studied extensively by the National 
Bureau of Standards,  Cryogenic Engineering Laborator ies .  

Johnson 24 published curves  showing density, expansivity, thermal  
conductivity, specific heat,  enthalpy, heat of vaporization, heat of 
fusion, heat  of sublimation, phase equilibria diagrams,  dielectr ic  
constants,  adsorptivity,  surface tension and viscosity of mos t  of the 
cryogenic fluids.  
specific heat and enthalpy of m a n y  engineering mater ia l s  were  a l so  
shown. Viscosity, f r o m  this reference,  for  saturated liquid nitrogen 
and oxygen is plotted ve r sus  p r e s s u r e  in FIG 4. 

The thermal  expansion, thermal  conductivity, 

i5; Stewart ,  Hust and McCarty '  tabulated the enthalpy, density and 
entropy for  liquid and gaseous oxygen. 
for  saturated liquid oxygen f r o m  the reference i s  plotted in FIG 5, 
enthalpy of vaporization versus  p r e s s u r e  in FIG 6, specific volume 
for  saturated liquid versus  p re s su re  in FIG 7, and specific volume 
for  saturated vapor versus  p re s su re  is shown iri FIG 8. 

The enthalpy versus  p r e s s u r e  

,- .I 
Strobridge '' tabulated the enthalpy, internal energy, entropy and 

F r o m  this reference,  specific volume of liquid and gaseous nitrogen. 
enthalpy for  saturated liquid nitrogen i s  plotted versus  p r e s s u r e  in 
FIG 5, enthalpy of vaporization versus  p r e s s u r e  in FIG 6, specific 
volume f o r  sa tura ted  liquid versus p r e s s u r e  in FIG 7 and specific 
volume f o r  sa tura ted  nitrogen vapor is shown plotted versus  p r e s s u r e  
in FIG 8. 

ANALYSIS 

ANALYTICAT, SOLUTION 

Fluid Conditions i n  P ipe  Inlet 

Consider a self pressur ized  cryogenic container f rom which a 
saturated liquid is being drained through a ver t ical  discharge l ine.  
As the fluid flows pas t  the container boundary ( s e e  FIG 9) it is assumed 
to  b e  in the liquid s ta te  with negligible dynamic p res su re .  
assumptions a r e  (a) thermodynamic equilibrium, (b)  homogeneous fluid 

Additional 
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prope r t i e s  (lumped p a r a m e t e r s ) ,  (c)  no heat  t r ans fe r  t o  o r  from the 
fluid in  the inlet ,  (d) negligible elevation effects and ( e )  no frictional 
o r  inlet  p r e s s u r e  l o s s e s .  The sa tura ted  liquid enthalpy is a s sumed  
to  be a l inear  p r e s s u r e  function over  sho r t  p r e s s u r e  ranges ,  and the 

1 -  

c In1 et Boundary( Th roat)  
.---.LA-- ---------I 

Discharge Line 

FIG 9 Container, Pipe and Inlet Boundaries 

liquid and vapor specific volume and enthalpy of vaporization a r e  
a s s u m e d  to  be constant over  sho r t  p r e s s u r e  ranges.  The coordinate 
s y s t e m  is so chosen that z isposit ive downward with the origin a t  the 
inlet  throat .  

The  differential f o r m  of Bernoulli's equation is 

'V V 

When elevation effects a r e  excluded, equation 13 becomes 
-4  

10 $d* = 
V 

dP + 
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The equation of continuity is 

In differential f o r m  equation 15 becomes 

Substituting equation 15 and 16 into equation 14 and rear ranging ,  

4 2 
10 dp t ( F ) d v  t v ( * ) d ( F )  = 0 

Equation 17 is subject to the boundary conditions: 

P = Pc 
x = o  
(w/Ac) = O 

dv = (v  - v ) d x  
g t  

Substituting equation 18 and 19 into equation 17 gives 

L 1 4 2 
10 dp t (w/A) (v - v )dx t i(v - vL)x t v (w/A)d(w/A) = 0 

g !  g 

In differential f o r m  the  general  energy equation is 

- 3  
dh t 10 $d$ t lO-",z t dg - d W  = 0 

The  specific volume of a two-phase fluid in  t e r m s  of sa tura ted  liquid 
and vapor specific volume and gravimet r ic  quality is  

v = (1-x)v L t xvg (18) 

In differential form, considering constant liquid and vapor specific 
volume, equation 18 becomes  

Using the assumptions s ta ted  a t  the first of this chapter, equation 21 
b -.comes 

dh = 0 (22) 



The  enthalpy of a two-phase mixture  in  t e r m s  of sa tura ted  liquid 
enthalpy, enthalpy of vaporization, and gravimet r ic  quality is given by 

But 

h i =  ap t b (24) 

so 
h = ap  t b t xAh 

In differential  fo rm equation 25 i s  

dh = adp t Ahdx = 0 ( 2 6 )  

To de termine  xt equation 26 is solved fo r  dp and this  value is 
substi tuted into equation 20. Equation 20 then becomes,  a f t e r  r e -  
a r ranging ,  

1 0 4 A h ] d x  +[(vg - v!) x t v ( ) d ( x )  = 0 (27) 1 A 
W‘ 

Solving equation 27 by separation of va r i ab le s  the resu l t  is 
112 

[(vg - vl) x t v l ] [ ( 2 )  2 (vg - vi) - - 1 04Ah] = Constant (28) 
a 

Af ter  incorporation of the boundary conditions, equation 28 becomes 

- l o 4  Ah 
a (29) 

(w/A)’ (vg 
X t  = - 

a 

To  de termine  p 
c on di ti on s 

equation 26 i s  integrated subject to  the boundary 
t ’  

x =  0 
P = Pc 

The  resu l t  is 

X t  Ah 
Pt = Pc - - a 

19 



Substituting equation 29 into equation 30 gives 

(31) 
- 1 04Ah/a - Ahv! 

Pt = Pc f (vg - vL)a (vg - v!)a ( W / A ) ~ ( V ~  - v,)-lO%h/a 

The fluid conditions in the pipe inlet  throat  a r e  descr ibed by equations 
29 and 31. 
the next section to determine the fluid conditions in the cylindrical  pipe.  

These  equations will be used with equations developed in 

Fluid Conditions in  Vert ical  P ipe  Below Inlet 

The  fluid will c r o s s  the exit boundary of the inlet  with a quality 
xt and p r e s s u r e  pt determined using equations 29 and 31. 
a cylindrical  pipe and the same  assumptions l i s ted  in the previous 
section, except the velocity effects a r e  negle.cted and elevation effects 
a r e  included in Bernoulli's equation, equation 13 becomes: 

Assuming 

-1 

(32) 
10  &dz = o  

V 
dP f 

Equation 32 i s  subject to the boundary conditions 

z = o  

t x = x  

P = Pt 

The specific volume of a two-phase mixture  in t e r m s  of saturated 
liquid and vapor specific volume and g rav ime t r i c  quality i s  

v = ( v  - v ) x t v l  
g !  

Substituting equation 33 into equation 32 and rear ranging ,  

(33) 

r - 
l o 4  L(vg - v!)x t vl] dp t gdz = 0 

F o r  the case in  question, the general  energy equation reduces to  

(34) 

dh = 0 (35) 

20 



r 

Using a l inear ized relationship f o r  the sa tura ted  liquid enthalpy over  
sho r t  p r e s s u r e  ranges,  substituting this into the relationship f o r  the 
enthalpy of a two-phase mixture,  differentiating, and solving f o r  dp 
yields: 

Substituting equation 36 into equation 34 and rear ranging  

Ah [ ( v ~  - vl) x t v1 dx L- dz 
ga I 

Integrating equation 37 and incorporating the boundary conditions 

(37) 

To  de termine  the dis tance required to  condense the vapor ,  s e t  x = 0 
in  equation 38, which yields 

2 2 
z =  { [(vg - VL)Xt t VJ - vr } 

2ga 

Solving equation 38 f o r  x, the quality var ia t ion along the d ischarge  
l ine  is  given by 

(39) 

Integrate  equation 36 to determine the variation of quality with p r e s s u r e ;  
then, using the boundary conditions, 

XtAh Ahx - -  
P = P t +  a a 

Substituting equation 40 into equation 41 
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By using equations 29 and 31 with equations 40 and 42, the fluid 
conditions can be determined a t  any d ischarge  l ine elevation in t e r m s  
of elevation, container p r e s s u r e ,  and weight flowrate p e r  unit c r o s s  
sectional a r ea .  

FINITE DIFFERENCE SOLUTION 

Fluid Conditions in Pipe Inlet 

Consider a container f rom which a sa tura ted  liquid is being 
drained through a ver t ical  discharge l ine.  As the fluid flows pas t  the 
container boundary (FIG l o ) ,  i t  i s  a s sumed  to  be in the liquid state 
with negligible dynamic head ( p r e s s u r e ) .  Additional assumptions a r e  
(a) thermodynamic equilibrium, (b) homogeneous fluid proper t ies  and 
(c )  no heat  t r ans fe r  to o r  f rom the fluid in  the pipe. The coordinate 

Containe r 
Boundary 

In1 et Boundary (Throat)  

22 

FIG 1.0 Container, P ipe  and Inlet Boundaries 

sys t em is s o  chosen that the posit ive direct ion is ver t ical ly  downward 
and the origin is at the inlet throat .  
c r o s s e s  the container boundary, can be  related to  the p r e s s u r e  at the 
i d e t  th roa t  by 

The  p r e s s u r e  of the fluid, as it 

Pc + *PZ = Pt + 4 + APf (43) 



N o  l i t e r a tu re  information has  been available to predict  the frictional 
and inlet p r e s s u r e  lo s ses  between the container and throat,  however, 
in  Reference 17, a value of 4 per cent of the dynamic head was recom-  
mended f o r  a well shaped bell inlet. 
f r ic t ional  and inlet p r e s s u r e  losses  w e r e  a s sumed  to be 10 p e r  cent 
of the dynamic head or ,  

F r o m  this recommendation, 

- 4  2 

Combining the equation of continuity and the relationship f o r  specific 
volume of a two-phase fluid in  t e r m s  of sa tura ted  liquid and vapor 
specific volume and gravimetr ic  quality gives 

The  p r e s s u r e  gain due to elevation is given by 

Ap, = g x 10 -4fdz/v 

z, 
L 

F o r  small differences in specific volume and elevation, the p r e s s u r e  
gain due to  elevation can be approximated by: 

L 

Substituting the relationship f o r  specific volume of a two-phase 
mixture  in t e r m s  of saturated liquid and vapor specific volume and 
gravimet r ic  quality, noting that the quality c ross ing  the container 
boundary is ze ro ,  gives 

- 4  

Substituting equations 45 and 48 into equation 43 and rear ranging  gives 
- A  

The general  energy equation, a s  applied to the pipe inlet ,  i s  
- 9  -3 - 3  - s  

h c t ( 0 . 5 x 1 0  )+: t ( g x l 0  ) z c t q = h t t ( 0 . 5 x 1 0  )$:t(gxlO ) z t t W  (50) 
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Using the assumptions l is ted,  with the relationship fo r  the enthalpy 
of a two-phase mixture  in t e r m s  of sa tura ted  liquid enthalpy, enthalpy 
of vaporization and gravimet r ic  quality, and noting that the quality of 
the fluid crossing the container boundary is zero ,  equation 50 reduces 
to  

= h  t x A h  
hk It t t 

Solving for  x gives t 

Equations 49 and 52 were  solved on a digital computer  using t r u e  
fluid propert ies .  
weight flowrate p e r  unit c r o s s  s.ectiona1 area, and assuming a throat  
quality xt, equation 49 is solved fo r  th roa t  p r e s s u r e .  This  throat  
p r e s s u r e  is then used in  equation 52 to  de te rmine  a co r rec t ed  qualtiy. 
The  co r rec t ed  throat  quality is used in equation 49 to de te rmine  a 
co r rec t ed  throat  p r e s s u r e .  This  p rocess  is repeated until two con- 
secut ive p r e s s u r e s  and qualit ies a g r e e  within 0.1 p e r  cent  of t he i r  
absolute value. Throa t  quality is plotted v e r s u s  container p r e s s u r e  
f o r  s eve ra l  values of w /A f o r  nitrogen i n  FIG 11 and f o r  oxygen in FIG 12. 

Specifying the container p r e s s u r e  and d ischarge  l ine 

Upon examination of equation 52, noting that the enthalpy of a 
sa tura ted  liquid is a function of p r e s s u r e ,  i t  can be seen  that the 
throa t  quality will be zero,  but the fluid will be sa tura ted  when the 
static p r e s s u r e  in the throa t  and container a r e  equal. Substituting 
these  conditions into equation 49, and noting that s ince the throat  and 
container p r e s s u r e s  a r e  equal, the i r  specif ic  volumes will be equal, 
and the following relationship is obtained. 

[8.918 ( z t  - z , ) ] " ~  w / A  = (5 3) 

In the experimental  facil i ty used to ve r i fy  this ana lys i s ,  the  term 
zt - zc was 0.254 m e t e r s .  
maximum value of w/A,  for.  which the fluid will remain  single phase ,  
is plotted versus  container p r e s s u r e  in FIG 13. Any value of w / A  
g r e a t e r  than the plotted value will r e su l t  i n  two-phase flow, and any  
value below the plotted value will cause  subcooled fluid in  the pipe 
inlet  throat.  

Using the value in  equation 53, the 
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Fluid Conditions in Cylindrical P ipe  Below Inlet 

T h e  fluid c r o s s e s  the exit boundary of the inlet with a quality and 
p r e s s u r e  that can be determined by using equations 49 and 52. 
coordinate sys tem is so  chosen that the posit ive direction is ver t ical ly  
downward and the origin is the inlet  throat .  
tions as in  the previous section, the fluid p r e s s u r e  at the a r b i t r a r y  
elevations, z and zn, where z > z can be related by 

The  

Using the s a m e  assump-  

m m n 

where 

+ 2  
D =  

V 

Using the equation of continuity and the relationship 

v =  (1  - x)v t xv 
t g 

equation 55 becomes 

(55) 

(57) 
. 

The p r e s s u r e  gain due to  elevation is 

zm 

APZ = l o - ; Jdz /v  (58)  

zn 
For small elevations and specif ic  volume changes,  the p r e s s u r e  gain 
due to  elevation can  be approximated by  

- 4  

2 g x l O  (zm - zn) 
APz = 

Vm+ vn 
(59)  

Eubstituting equation 56 into equation 59 



To de termine  the frictional p r e s s u r e  lo s s ,  the analysis  of Mar t ine l l i  
and assoc ia tes  ‘J~~*J’  is  used. All discharge  l ine flow is a s s u m e d  to  
b e  turbulent liquid, turbulent vapor, and only the equations f o r  this  
case are selected.  F r o m  reference 6 the relationship f o r  single 
phase  and two-phase frictional p r e s s u r e  l o s s  is 

+: is determined f r o m  the following equations: 
L 

-1.36 

(62) 

f o r  26.0 5 X5196.0 

4; = 13.054 x t 2.5996 for  0 1  x 1 0 . 9  

-0.659 
4; = 15.843 X f o r  0 5 X 1 2 6 . 0  

-0.303 +; = 4.957 x 

2 f o r  Xr196 .O  9, = 1 

--- 

where  
0.5 0.1 0.9 

x = (+) (%) (4 - 1 )  

Since v!, functions of p r e s s u r e  f o r  a sa tura ted  
tJ-l/pg?.’ is a l s o  a function of p r e s s u r e ,  

and is plotted ve r sus  p r e s s u r e  in  FIG 14. 

The  Darcy-Weisbach relationship f o r  frictional p r e s s u r e  l o s s  is 
- 4  

(64) 
dpI = 4f $2(10 ) 

dz L VI 
Thz B!asil~s relztionship f o r  the fr ic t ion factor  fo r  turbulent flow is 

0.046 
R0.25 

f =  

Substituting the equation of continuity, equation 65 and 66 into equation 
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64, then sutsti tuting this into equation 61 gives 

d p J  0.184 (w/Afv, ) +i 
- - _  

dzl  tp (wd/Apl ) O j 5  d 

The  fr ic t ional  p r e s s u r e  lo s s  between elevations zn and zm is 

F o r  small changes in frictional p r e s s u r e  l o s s  and elevation, the  
fr ic t ional  p r e s s u r e  loss can be approximated by 

Substituting equation 67 into equation 69 and rear ranging ,  
2 6 2 

9.2(10- ) ( z m  - zn) (vlm+tm + vln+jn) (w/A) 
APf = 

(wd/A p I )0'25 d 

Substituting equations 57, 60, and 70 into equation 5 4  and rear ranging ,  

The  general  energy equation reiatirig tlie e i i z rgy  f ! e~ ina  b r--- st ' the  
container boundary to  the energy flowing pas t  the elevation plane zm, 
after incorporation of the assumptions l i s ted  ea r l i e r ,  is 

h = hm C 

Substituting equation 51 into equation 72 and solving f o r  xm gives 

htc - hcm x =  m (7 3 )  
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U s i n g  solutions obtained by equations 49 and 52 as a s ta r t ing  
point, the fluid conditions w e r e  computed at d i sc re t e  d ischarge  l ine 
elevations in  the same manner  that equations 49 and 52 w e r e  solved. 
F o r  all combinations computed of container p r e s  s u r e  and d ischarge  
l ine flowrate p e r  unit of c r o s s  sectional area, the quality was shown 
to  dec rease  as the fluid moved down the discharge l ine.  
required to condense the vapor is plotted ve r sus  container p r e s s u r e  
fo r  several  values of (w/A) f o r  nitrogen in FIG 15 and f o r  oxygen in  
FIG 16. 
ta iner  p r e s s u r e s  and severa l  values of (w/A) fo r  Nitrogen in FIG 17 
and f o r  oxygen in FIG 18. 

The  dis tance 

The variation of quality with elevation is  shownfor  two con- 

EXPERIMENTAL APPARATUS AND PROCEDURE 

EXPERIMENTAL APPARATUS 

General  Description 

The  experimental apparatus  consisted of a 1.702 m e t e r  (68 inches)  
inside d iameter ,  spher ica l  aluminum tank atop a 12 .2  m e t e r  (40 foot) 
tower.  A 0. 1524 m e t e r  (6 inches) inside d iameter  d i scharge  line and 
a 0. 1015 meter  (4 inches) inside d iameter  recirculat ion l ine w e r e  
suspended ver t ical ly  underneath the tank and connected nea r  the 
bottom of the discharge l ine.  The  d ischarge  l ine and inlet  w e r e  
insulated with polyurethane foam to  minimize heat t r ans fe r .  
recirculation line was not insulated,  but heat  was allowed to  flow into 
the fluid s o  that a density differential  would exis t  between the fluid 
inside the recirculation l ine and the fluid inside the d ischarge  line to  
promote  convective circulation and prevent  "geysering". 
experimental  apparatus is depicted schematical ly  in FIG 19, and a 
p ic ture  of the apparatus is shown in FIG 20. 
used to prevent flow in the recirculat ion l ine during draining of the 
tank. 
and a valve at the bottom of the d ischarge  l ine was used  to  d ra in  the 
container .  Discharge l ine flow was controlled with or i f ices  located 
immediately ups t ream of the dra in  valve. A descr ipt ion of the com- 
ponents used in  this apparatus  is shown i n  Table  I. 

The  

The  

A recirculat ion valve was 

A vent valve was provided atop the tank to  re l ieve tank p r e s s u r e ,  

Pressure was measu red  at two locations in  the container ,  and 
tempera ture  was measured  a t  f ive locations.  
determined by measuring the d i f fe rence  in  s t a t i c  p r e s s u r e  at the top 

Liquid depth was 
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FIG 20 Experimental Apparatus 
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T a b l e  I1  M e a s u r e m e n t  L o c a t i o n s  

~~ ~~ 

Measurement  
Number 

Measured 
Proper ty  

Location 

F- 1 Discharge Line 
Flowrate  

Static P r e s s u r e  

In discharge l ine 11.66 m below inlet throat  

On top of tank measuring ullage p r e s s u r e  P- 1 

P - 2  Static P r e s s u r e  On tank bottom measur ing  container p r e s s u r e  

P- 3 Static P r e s s u r e  On discharge l ine 0.076 m below inlet  th roa t  

P-4 Difference in 

P - 5  

On discharge l ine between 0.076 and 0.908 m 

On discharge l ine 2.228 m below inlet th roa t  
Static P r e s s u r e  below throa t  
Static P r e s s u r e  

P-6 Difference in 

P - 7  

P-8 Difference in 

On discharge l ine between 2.228 and 3.060 m 

On discharge l ine 4.383 m below inlet th roa t  

On discharge l ine between 4.383 and 5.212 m 

On discharge l ine 7.861 m below inlet  th roa t  

Static P r e s s u r e  below throa t  
Static P r e s s u r e  

Static P r e s s u r e  below throa t  

Static P r e s s u r e  P- 9 

P-10 I Static p r e s s u r e  1 On discharge l ine 10.71 m below inlet th roa t  

P-11  1 Difference in 
Static P r e s s u r e  

Between top and bottom of tank 

a- 1 1 Fluid Quality 1 In discharge l ine 0.457 m below inlet th roa t  

Q-2  Fluid Quality 

Q- 3 Fluid Quality 

T-1  Tempera ture  

In discharge l ine 2.61 m below inlet th roa t  

In d ischarge  l ine 4.76 m below inlet throat  

In tank on ver t ica l  ax is  0.762 m above tank center  

T-2 Tempera ture  In tank on ver t ica l  ax is  0.  381 m above geometr ic  
center  

T-3 Tempera ture  In tank a t  geometr ic  center  

T-4 Tempera ture  I In tank on ver t ical  ax is  0.381 m below geometr ic  I center  

T-5 In tank on ver t ica l  ax is  0.762 m below geometr ic  I center  
Tempera ture  I 

~ ~ 

T-6 Tempera ture  In d ischarge  l ine 0.076 m below inlet  th roa t  

T-7 Tempera ture  In d ischarge  l ine 0.908 m below inlet  throat 

T-8 I Temperature  I In d i scharge  l ine 3.060 m below inlet  throat 
~ .~ 

T-9 Tempera ture  In d ischarge  l ine 5.212 m below inlet  throat 

T-10 Temperature  In d ischarge  l ine 7.861 m below inlet  th roa t  

T-11 Tempera ture  In d ischarge  l ine 10.711 m below inlet  th roa t  

" . 
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and bottom of the container.  The t empera tu res  inside the tank w e r e  
measured  with t r ip le  junction copper constantan thermopiles  located 
symmetr ica l ly  along the ver t ical  axis of the tank, a dis tance of.O.381 
m e t e r s  (15 inches) apar t .  
s ta in less  s tee l  bracket  suspendedfrom the top of the tank, and the 
wi re s  w e r e  led to a reference tempera ture  junction located outside 
the tank through an adapting flange between the tank and vent valve. 
P r e s s u r e  was measured  a t  eight locations in the d ischarge  l ine.  
Tempera tu res  were  measured  along the center  l ine of the discharge 
l ine a t  eight elevations, and fluid quality was measured  a t  t h ree  
d ischarge  l ine  elevations. 
ments  is shown in Table I1 as a ver t ica l  distance below the inlet 
throat .  All measurements  were  recorded on a 36-channel oscil lograph. 
A discussion of the measurement  equipment used in recording data f rom 
this experimental  apparatus  follows. 

The  thermopiles  were  mounted on a 

The location of all discharge l ine measu re -  

F1 ow Measurement  

The  discharge l ine flowrate was measu red  with a turbine type 
f lowmeter .  
w e r e  s o  chosen that single-phase flow would exist  a t  the flowmeter.  

The location of the flowmeter and experimental  conditions 

P r e s  s u r e  Measurements  

Two types of p r e s s u r e  t ransducers  were  used for  p r e s s u r e  
measu remen t s ;  one type (used fo r  measur ing  P -4 ,  P - 6 ,  P-8 and P-11) 
used a twisted Bourdon tube and the other (used f o r  a l l  remaining 
p r e s s u r e  measurements )  was a diaphram type. 

Quality Mea s u r  ement s 

The liquid vapor quality w a s  determined by measur ing  the difference 
in d ie lec t r ic  constant of the liquid and vapor.  The t r ansduce r s  w e r e  
pipe t e s t  sections with an internal capacit ive m a t r i x  and t empera tu re  
senso r .  
through the pipe t e s t  section. 
into a n  analog computer where it was compared to the capacitance of 
the liquid and vapor. 
generated as a function of tempera ture  using the output of the tempera-  
t u re  sefis~lr i n  t h e  pipe t e s t  section. 
appeared a s  a d i rec t  cu r ren t  output that was recorded on the oscii iograph. 

The ma t r ix  measured  the Capacitance of the fluid passi~la  b 

This  fluid capacitance was then fed 

The capacitance of the liquid and vapor w e r e  

The volumetric liquid vapor quality 
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A block diagram of a typical quality measurement  taken f rom 
reference  18 is shown in FIG 21. 

Tempera ture  Measurements  

All temperatures  were  measured  with t r ip le  junction copper 
constantan thermopiles .  
used as the re ference  junction. 

Liquid nitrogen at a tmospher ic  p r e s s u r e  was 

EXPERIMENTAL PROCEDURE 

Before conducting an  experiment,  the measurement  sys t ems  
w e r e  calibrated, and the c o r r e c t  or i f ice  was instal led in the d ischarge  
l ine .  
s torage  supply, and the sys t em was allowed to  remain at r e s t  fo r  30 
minutes for thermal  stabil ization. 
the recirculation valve (FIG 19) was open to  allow convective circulation, 
and the vent valve' was open t o  prevent p r e s s u r e  buildup in the tank. 
After  t e rma l  stabilization, the tank was replenished with liquid 
nitrogen and the vent valve was closed. 
allowed to p re s su r i ze  by the flow of heat f r o m  the ambient surroundings 
to  the fluid through the tank wall and recirculat ion l ine.  The  thermopile  
in the byttom of the tailk (T-5,  FIG 19) was  monitered to  in su re  that 
the liquid tempera ture  was nea r  saturat ion.  When the des i r ed  container 
p r e s s u r e  was reached, the liquid was a s sumed  to  be n e a r  saturat ion 
temperature;  the recirculation valve was closed, recording equipment 
was s ta r ted ,  and the drain valve was opened. 
depleted, the dra in  valve was closed; the recirculat ion and vent valves 
w e r e  opened; recording equipment was stopped; and the residual  liquid 
was drained into the cryogen s torage  supply. The vent valve was open 
until the apparatus re turned t o  approximately ambient  tempera ture ,  
then was closed. 

The tank atop the tower was then f i l led f rom the cryogen 

During f i l l  and thermal  stabil ization, 

The container was then 

When the liquid was 

COMPARISON O F  EXPERIMENTAL AND ANALYTICAL RESULTS 

EXPERIMENTAL CONDITIONS AND RESULTS 

T h r e e  experiments w e r e  conducted to  ver i fy  the ana lys i s .  Exper i -  

The  experimental  con- 
mental  pa rame te r s  were  se lec ted  so  that a range of container  p r e s s u r e s  
and discharge l ine flowrates w e r e  considered.  
ditions a r e  shown in Table  111, and r e su l t s  are shown in  FIGS 22 through 
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35. The  only resu l t s  presented a r e  fo r  that  portion of the discharge 

TABLE I11 EXPERIMENTAL CONDITIONS 

Expe rim ent 0 rifi c e Initial Ba romet r i c  Fluid 
Numb e r Diameter  Container P r e s s u r e  

(cm) P r e s  s u r e  (mm Hg) 
( n / c m  ) 

303001 7.567 51.6 745.5 Nitrogen 

303002 8.158 36.3 760.5 Nitrogen 

303003 8.158 64.7 768.6 Nitrogen 

l ine in  which two-phase flow exis ts .  
d i scharge  l ine in  which single-phase flow exis ts  can be  accura te ly  
determined using Bernoulli 's  equation, assuming constant velocity 
and the Darcy-Weisbach relationship f o r  frictional p r e s s u r e  l o s s  in  
a single-phase fluid. 

Conditions in the portion of the 

DATA REDUCTION 

After  reducing data f rom an experiment,  the d ischarge  l ine  flow- 
rate was converted to  a weight flowrate p e r  unit c r o s s  sectional a r e a  
using the equation 

(w/A) = 737.7 Q (74) 

The value given by equation 74 and the container p r e s s u r e  P - 2  (FIG 19) 
w e r e  then used in equations 49, 52, 71 and 73 to  de te rmine  the fluid 
conditions in  the discharge l ine.  
equations 49, 52, 71 and 73 at anelevation of 0.076 m e t e r s  ( 3  inches)  
was plotted versus  t ime.  This  is shown as the dashed l ine  in  FIG 22, 
27, and 32. 
elevation, P - 3  (FIG 19), was then plotted and is shown as the c i r c l e s  
in  the s a m e  f igures .  
d i scharge  line elevations, 0.076 m e t e r s  (3  inches)  and 0.908 m e t e r s  
(35.75 inches), was determined f r o m  the solution of equations 49, 52, 
71 and 73 and plotted ve r sus  time in FIG 25, 30 and 35. 

P r e s s u r e  f r o m  the solution of 

The measured  p r e s s u r e  at the same discharge  l ine 

The difference in static p r e s s u r e  between the 

The  m e a s u r e d  
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0 values of P - 4  (FIG 19) w e r e  then plotted fo r  comparison of the 
measured  and predicted p r e s s u r e  difference a c r o s s  the capacit ive 
ma t r ix .  
caused by the capacitive matr ix .  

No  provisions were  made for  predicting the p r e s s u r e  lo s s  

Volumetric quality f rom the quality measu remen t  sys t em was 
converted to  a gravimet r ic  quality using the equation 

(75) 
(Y / V n )  

x =  

Equation 75 is der ived using a dimensional approach in re ference  19. 
Gravimet r ic  quality obtained f rom the solution of equations 49, 52, 71 
and 73 a t  a discharge l ine elevation of 0.457 m e t e r s  (18 inches) is 
plotted and compared with those measured  at Q-1 (FIG 19) in FIG 23, 
28 and 33. 

The  discharge l ine weight flowrate p e r  unit c r o s s  sectional a r e a  
is plotted ve r sus  t ime in FIG 24, 29 and 34. 

F o r  additional information on se l f -pressur ized  containers ,  the 
t empera tu res  inside the container a r e  plotted f o r  two of the th ree  
experiments  in FIG 26 and 31. 

CONCLUSIONS 

F r o m  comparison of the predicted and experimental  resu l t s ,  i t  
is concluded that the analytical equations will p red ic t  the fluid con- 
ditions in  the discharge l ine when draining a se l f -pressur ized  container.  

The  quality measurements  show that a slight amount of vapor was 
discharged into the discharge l ine  during experiment No. 303001 
between 30 and 40 seconds and during experiment No. 303002 between 
!I) and 15 seconds.  
seconds of experiments No. 303uu i  ana 3 G 3 C C Z .  This is evidenced by 
experimental  quali t ies being l e s s  than predicted and by the l a r g e  
negative slope of the container p r e s s u r e  curve  during this interval .  
The  fr ic t ional  p r e s s u r e  drop a c r o s s  the capacit ive matrix was expected 
to  be l a r g e  enough to cause slightly higher than predicted quali t ies.  
i n e s e  expectztions were  proven t r u e  by the experimental  quali t ies and 
by the difference between the predicted and measu red  p r e s s u r e  diffcr- 
ence a c r o s s  the quality measurement  mat r ix .  

A subcooled liquid was drained f o r  the first ten 

-1 

This  excessive frictional 
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. 
p r e s s u r e  loss  great ly  amplified the effect of the vapor d ischarge  into 
the discharge l ine during experiment  No. 303001 and 303002. The  
frictional p r e s s u r e  drop a c r o s s  the capacit ive ma t r ix  during experi-  
ment  No. 303003 was so grea t  that  the p r e s s u r e  below the m a t r i x  
(FIG 35) was l e s s  than the p r e s s u r e  above the mat r ix .  
and predicted discharge l ine s ta t ic  p r e s s u r e  (FIG 22, 27 and 32) 
agreed  within the l imits  of accuracy  of the measurement  sys tem.  The  
container tempera tures  did not differ significantly f r o m  the saturat ion 
tempera ture .  The experimental  phase of this p rogram proved the 
analysis  accura te  for  the c a s e  considered, but points out that  any 
obstruction in the discharge l ine will cause  a significant deviation 
f rom the predicted fluid conditions. To  obtain ex t reme accuracy,  the 
effects of obstructions mus t  be considered. The  assumption of no 
vapor being discharged into the discharge l ine was valid in a lmost  all 
instances.  
amount was sma l l  and was neglected with a slight l o s s  of accuracy.  

The measu red  

When vapor was expelled into the discharge l ine,  the 

This  analytical technique is applicable to  many other  problems 
involving two-phase fluid flow, i f  the quality can be predicted at the 
inlet  throat .  
liquid discharge l ine carrying a two-phase mixture  because of a 
vortex in the r e s e r v o i r  above the d ischarge  l ine.  
inlet  quality can be predicted knowing the liquid dra in  r a t e  and es t i -  
mating the  vapor drain r a t e  f r o m  the s i z e  of the vortex.  

An example of a problem solvable by this technique is a 

In this instance the 

. 
b 

I 

* _  
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